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Abstract-As the industry moves toward lead-free electronics, a replacement for the traditional tin-lead plating is required. Pure tin is the coating of choice for many suppliers, but there is a wellknown problem with the growth of tin whiskers. A whisker is comprised of a tin crystal which, after an incubation period, grows with time. Whiskers may grow long enough to cause shorts in electronic circuits. A test method is required for evaluating the reliability risk inherent in tin whiskers. The Japanese government requested the Japan Electronics and Information Technology Industries Association (JEITA) to establish test methods for solderability, reliability, whisker, and migration for lead-free electronics. The goal of this subcommittee was to propose the test methods for tin whiskers by March 2004. The committee carried out a literature survey, and developed hypotheses for whisker growth, which was then applied to test methods. Two types of studies were undertaken. One is a fundamental study to verify the hypothesis. The other looked at accelerated tests to develop recommended test conditions. As a result, we found that the diffusion of copper, oxidation, and thermal cycling all influence tin whisker growth. This paper describes the results of the fundamental studies and reports on the JEITA whisker growth mechanism.
Index Terms-Leadframe package, pb-free plating finish, tin whiskers, whisker growth.
I. INTRODUCTION
A S the industry moves toward lead-free electronics, a replacement for the traditional tin-lead plating is required. Pure tin is the coating of choice for many suppliers, but there is a well-known problem with the growth of tin whiskers [1] . A whisker is comprised of a tin crystal that, after an incubation period, grows with time. Whiskers may grow long enough to cause shorts in electronic circuits. A test method is required for evaluating the reliability risk inherent in tin whiskers [2] .
The Japanese government requested Japan Electronics and Information Technology Industries Association (JEITA) to establish test methods for solderability, reliability, whisker, and migration for lead-free electronics. The goal of this subcommittee was to propose the test methods for tin whiskers by March 2004.
The committee carried out a literature survey, and developed hypotheses for whisker growth, which was then applied to test methods. Two types of studies were undertaken. One is a fundamental study to verify the hypothesis. The other looked at accelerated tests to develop recommended test conditions. As a result, we found that the diffusion of copper, oxidation, and thermal cycling all influence tin whisker growth. This paper describes the results of the fundamental studies and reports on the JEITA whisker growth mechanism.
II. WHISKER GROWTH MECHANISM
The hypothesis for the whisker growth mechanism is shown in Fig. 1 . The framework of the mechanism is as follows.
• First, there are three phases in whisker growth: deposit design (i.e., plating process), component design, and stress generated when using.
• Second, a whisker occurs by the recrystallization of tin, and grows depending on the compressive stress in the deposit.
• Third, the stress is generated by internal stress in the plating, mainly caused by intermetallic formation (Cu6Sn5 diffusion), oxidization, and mechanical stress.
• Fourth, compressive stresses are dependent on component designs, such as lead-frame materials, geometry, and forming.
• Fifth, Cu3Sn diffusion decreases volume in tin deposit, so that compression stress decrease.
• Sixth, an oxidation film may prevent the formation of whiskers. On the other hand, when zinc is contained in a substrate or base material, zinc passes along the inside of tin plating and diffuses it on the surface. Then the oxidization film of tin plating makes a defect. Whiskers may occur from the defect. These stresses do not all occur simultaneously, and sometimes they offset each other, so the phenomenon is complex. We be- lieve that if we could order them, the phenomenon would become simpler. Table I shows the fundamental studies and the first set of acceleration tests that were carried out.
III. EXPERIMENTAL

A. Experiment Method
In the table, the horizontal axis shows the experiment conditions, which ones were carried out, and the vertical axis shows the various tin-plating bath chemistry.
In actual use, electronic devices are subjected to the stress of lead forming, storage at high temperature and humidity, storage in a vacuum, soldering (to printed circuit boards) and thermal cycle in actual systems. We devised tests to represent these conditions and verify the relation between external stress and whisker growth. The fundamental studies were expected to run for two or more years. At this point, they are about 24 months into the plan.
Various plating processes were used in the testing, including SnA-older chemistry expected to produce whiskers, recent tin plating baths, and recent alloys. A tin-lead plating cell was employed for comparison [7] , [8] .
B. Specimen
A new test specimen was designed for this experiment. Copper and brass were used for base materials. Most were plated to a thickness of 2-3 m for comparison (see Table II ). As for the specimen, as shown in the Fig. 2 , after plating, a bend, compression, and cutting were done.
C. Evaluation Method
Measurements were made with both a microscope and scanning electron microscope (SEM) to acquire information on shape and size of the whiskers. The observation was done at fixed points as shown in Fig. 3 . We observed and recorded maximum length and shape of all whiskers within the observation area.
Inspections were carried out by SEM at 1000X. The specimens were tilted at a 45 angle so the SEM did not show absolute length.
Two methods were adopted in making the evaluations: 1) Maximum Whisker Length: The longest whisker at each measurement point was recorded.
2) Whisker Appearance Ratio: The "appearance ratio" is a percentage of incidents seen. We counted an "event" as any tin crystal or whiskers that were greater than 30 m in length. If more than one whisker was greater than 30 m, it was still counted as one event. For example, if 8 of the 15 cells showed a whisker ( 30 m in length), then it had a 53% rating. Fig. 4 shows the result of the fundamental study on typical samples. As shown in Fig. 4 , samples were subjected to storage at 30 C85% RH for 4000 h, then 500 thermal cycles ( 40 C to 85 C), then room ambient storage for 5000 h, then vacuumed condition 500 h, followed by 1000 thermal cycles.
IV. RESULTS AND DISCUSSION
A. Result of Fundamental Study
We analyzed the results of this testing and determined that several external stresses influence whisker growth, namely intermetallic growth, surface oxidization, and thermal cycling. Fig. 5 shows compare the effects of environmental conditions on whisker growth.
B. Growth Mechanism by Copper Diffusion
For tin-plating on a Cu substrate, more whiskers grew at the room-temperature condition than at the high-temperature condition.
The subcommittee looked at copper diffusion using X-ray diffraction (XRD), believing that intermetallic growth is a cause of compression stress, which is related to whisker growth (see Fig. 6 ) [6] , [11] .
Two intermetallic compounds of copper were seen on the samples tested: Cu6Sn5 and Cu3Sn.
The room-temperature failure mode of a tin whisker on a Cu substrate appears to be as follows.
1) Cu6Sn5 grows at room temperature. The density of
Cu6Sn5 is small. This means the volume is large (see Table III ) and puts compressive stress on the tin coating. 2) Cu3Sn grows at the same rate as Cu6Sn5 at high temperature, but does not occur at low temperature. 3) So, whisker growth occurs due to the compressive stress created by the changing volume. 4) However, at high temperature, Cu3Sn that has a lower density increases the same as Cu6Sn5, and no compressive stress is generated [9] , [10] .
Given the above, low temperature or ambient conditions represent the optimum test condition for evaluation of whisker growth. 
C. Growth Mechanism by Copper and Zinc Diffusion and Oxidation Film
An additional study was carried out looking at the differences between copper and brass terminals using the experiments outlined above. As a result, in case of SnA plating, over copper material, most whiskers grew at room temperature. However, in the case of brass material, more whiskers grew most at 50 C (see Fig. 7 ).
The quantity of zinc and oxygen on the surface of the SnA brass terminals was compared by using electron probe microanalysis Electron Micro Probe Analysis (EMPA) (see Fig. 8 ). As a result, two conclusions were reached:
1) The quantity of zinc tends to increase with higher temperature.
2) The quantity of oxygen increases with increased humidity. The following conclusions were reached from above results: 1) When the surface oxidizes on tin plating, the whisker generation starting point is interfered with. 2) On the other hand, when zinc diffuses on the surface, the deficit occurrs in the surface of the tin plating and the starting point of whisker generation occurrs [3] , [4] . 3) Also, compression stress is generated by Cu6Sn5 diffusion. The optimal temperature is 50 C to diffuse zinc and Cu at the same time.
D. Growth Mechanism by Surface Oxidization
In the test cell with nickel under-plate, whiskers were observed under conditions of high temperature and high humidity (see Fig. 9 ).
As a result, in the case of the 60 C93%RH test condition, a few o small whiskers were observed after 4000 h of test. This implies that the surface oxidation of tin affects the mode of whisker formation. However, only a few crystals were observed. ( [5] ) Fig. 10 shows the results of the fundamental study on samples of different base materials.
E. Growth Mechanism by Thermal Cycling
Whiskers grow on the tin plating with copper substrate and copper base in 30 C85%RH storage. On the other hand, as for all parts with nickel under-plating, whiskers were not observed in 30 C85%RH storage.
For the parts with a ceramic base, whiskers grow after thermal cycling. This is explained by the difference in the coefficient of thermal expansion between the ceramic and tin plating.
V. SUMMARY
Many studies on tin whisker growth have been carried out in the past. However, these studies are not systematic. It may be one of the reasons why whisker growth is a mysterious and strange phenomenon.
In drafting a test methodology, having a model for the whisker mechanism was considered important. The testing described here was based on the model described.
As a result, we found the following conclusions:
1) The kind of plating chemistry is a key influence on tinwhisker growth. However, the property of tin is dominant, and if the environment is identical, then similar results will be obtained. 2) External stress, growth of the Cu6Sn5 intermetallic, Zinc diffusion, high temperatures and high humidity, and thermal cycling all have an influence on whisker growth.
The subcommittee has begun to draft a specification proposal to the International Electrical Committee International Electrotechnical Commission (IEC).
We hope that this study will assist in understanding tin-whisker formation, and it will be useful to the industry. 
